Actin cytoskeleton reorganization is a fundamental process for actin-based cellular functions such as cytokinesis, phagocytosis, and chemotaxis. Regulating actin cytoskeleton reorganization is therefore an attractive approach to control endothelial and inflammatory cells function and to treat cardiovascular diseases. Here, we identified glia maturation factor-␥ (GMFG) as a novel factor in actin cytoskeleton reorganization and is expressed preferentially in microvascular endothelial and inflammatory cells. During mouse embryogenesis, GMFG was expressed predominantly in blood islands of the yolk sac, where endothelial and hematopoietic cells develop simultaneously. In endothelial cells, GMFG was colocalized with F-actin in membrane ruffles and was associated with F-actin assessed by actin co-sedimentation assay. Interestingly, GMFG was phosphorylated at N-terminal serine, and its phosphorylation was enhanced by coexpression of dominant active Rac1 and Cdc42. Furthermore, a pseudophosphorylated form of GMFG (GMFG-S2E) demonstrated higher association with F-actin. Stable expression of GMFG-S2E remarkably enhanced stimulus-responsive lamellipodia and subsequent membrane ruffle formation in HeLa cells presumably through its interaction with Arp2/3 complex. Expression of GMFG enhanced actin-based cellular functions such as migration and tube-formation in endothelial cells. Moreover, we found that GMFG expression was significantly increased in a cardiac ischemia/reperfusion model where inflammation and angiogenesis take place actively. Taken together, our findings define a novel pathway in the regulation of actin-based cellular functions. Regulating GMFG function may provide a novel approach to modulate the pathophysiology of cardiovascular diseases. (Circ Res. 2006;99:424-433.) 
E ndothelial cells, composing a single layer inside the blood vessels, play critical roles in a variety of physiological and pathological phenomena such as angiogenesis and atherosclerosis. Because genes specifically or preferentially expressed in endothelial cells are likely to play a crucial role for their unique physiology, we performed a series of microarray studies aimed at isolating unique endothelial cell genes. We successfully identified several genes specifically or preferentially expressed in endothelial cells. 1 Among these genes, glia maturation factor-␥ (GMFG) demonstrated a very unique expression pattern: expressed only in microvascular endothelial cells but not by endothelial cells from other vascular beds or nonendothelial cells. These results urged us to further analyze GMFG function in endothelial cells.
GMFG was initially identified as a molecule that was highly similar to glia maturation factor-␤. 2 However, GMFG is expressed neither in brain, neuronal cells, nor glia cells, and its function is entirely unknown. We found the amino acid sequence of GMFG is similar to cofilin, a key regulator of actin cytoskeleton reorganization and thus analyzed GMFG function in actin cytoskeleton reorganization. Actin cytoskeleton reorganization is clearly an essential factor for a large number of cellular processes such as cytokinesis, endocytosis, and chemotaxis. 3, 4 In response to extracellular stimuli, motile protrusions of plasma membrane, called lamellipodia or filopodia are created by the continuous polarized growth and turnover of actin filaments, leading to actin-based cellular functions. 3, 4 Deficient actin cytoskeleton reorganization causes impaired endothelial cell migration, reduces macrophage phagocytosis, and results in defective lymphocyte development and activation. [5] [6] [7] Actin cytoskeleton reorganization is thus pivotal for angiogenesis and immune system function.
Actin dynamics is regulated by an elaborate mechanism that involves many actin-associated molecules. In resting cells, actin monomers are kept from polymerizing by monomer-binding protein such as thymosin-␤4, twinfilin, and profilin. 3, 8 Capping proteins such as CapZ and gelsolin are also required to maintain a pool of actin monomers by capping free barbed ends of actin filaments, resulting in blocking the addition of actin monomers to the barbed ends. Extracellular stimuli activate Wiscott-Aldrich syndrome protein (WASP) and WASP family verprolin homologous (WAVE) largely through small GTPases, Rac, and Cdc42. Activated WASP/WAVE further activates the actin-related protein 2/3 (Arp2/3) complex to nucleate actin polymerization by serving as a template for the formation of new actin filaments. 3 During the active actin polymerization at the barbed ends, actin-depolymerization takes place as a result of the function of cofilin at the pointed ends, which replenishes the actin monomer pool. 4, 9, 10 Recently, it has been reported that WAVE2 is expressed predominantly in endothelial cells during embryogenesis and that its deficiency causes embryonic lethality because of hemorrhage. 5 WAVE2 Ϫ/Ϫ mice demonstrated decreased sprouting and branching of endothelial cells from existing vessels during angiogenesis. Furthermore, the formation of lamellipodia and capillaries was severely impaired in WAVE2 Ϫ/Ϫ endothelial cells. These results indicate that proper regulation of actin cytoskeleton reorganization is critical for endothelial cell migration and angiogenesis.
Here, we report the characterization of GMFG, a novel factor in actin cytoskeleton reorganization, preferentially expressed in microvascular endothelial cells and inflammatory cells. GMFG remarkably enhanced stimulus-responsive lamellipodia formation, and its function was likely regulated via phosphorylation of N-terminal serine under the control of small GTPases. Overexpression of GMFG enhanced actinbased cellular functions such as cell motility and tubeformation in endothelial cells. Regulating GMFG function may provide a unique opportunity to control actin cytoskeleton reorganization in microvascular endothelial and inflammatory cells and, therefore, to modulate the pathophysiology of ischemic and inflammatory diseases.
Materials and Methods

DNA Constructs
Full-length human GMFG and cofilin were obtained by RT-PCR using cDNA prepared from human microvascular endothelial cells. A BamHI site was created before the stop codon by adding 5Ј-GGATCC-3Ј at the beginning of reverse primer. Mutagenesis was performed by creating point mutations in the forward primers that cause a missense mutation of serine into alanine or glutamic acid. These cDNAs were subcloned into pCR-blunt II-TOPO vector (Invitrogen) and the nucleotide sequence was validated. Fragments cut out with EcoRI and BamHI were subcloned into p3XFLAG-CMV-14 expression vector (Sigma) to obtain the expression constructs.
Reverse-Transcription PCR
Total RNA was isolated from cells cultured in growth media, followed by cDNA synthesis. Primers used for GMFG amplification were of 100% match for both human and bovine GMFG, 5Ј-GACTCCCTGGTGGTGTG -3Ј and 5Ј-TACAACGAAAGAAAGA-CAACTT-3Ј. Twenty-eight PCR cycles with annealing temperature at 57°C were performed for amplification of both GMFG and GAPDH.
In Situ Hybridization
Whole-mount in situ hybridization was performed using digoxigenin-labeled cRNA as previously described. 11 After all procedures, embryos were embedded in OCT and snap-frozen by immersion in ethanol cooled on dry ice. Sections were counterstained with eosin.
Transfection and Immunofluorescence Study
Expression constructs were transfected into bovine aortic endothelial cells (BAECs) or HeLa cells using Lipofectamine 2000 (Invitrogen) according to the recommendations of the manufacturer. Cells were plated into chamber slides 24 hours after transfection and further incubated for 24 hours followed by staining with Alexa Fluor3phalloidin (Molecular Probes) and FITC-anti-FLAG M2 antibody (Sigma). After mounting, cells were observed under a fluorescent microscope (Axioplan 2; Zeiss).
Cell Culture
BAECs in passage 4 to 7 were used for all experiments. Human microvascular endothelial cells were obtained from Clonetics and cultured in EGM-2MV media. To generate stable transfectants, HeLa cells underwent the selection in the growth media containing 300 g/mL G418, and pooled clones were used for experiments. Expression of transgenes was confirmed by RT-PCR using vector-specific primers, 5Ј-AAGCTTGCGGCCGCGAATTC-3Ј and 5Ј-TTTGTAGTC-AGCCCGGGATCC. The nucleotide sequence of the PCR product was validated by direct sequencing. Recombinant protein expression was confirmed by immunoblotting using anti-FLAG M2 antibody (Stratagene). For epidermal growth factor (EGF) stimulation experiment, HeLa cells were cultured in serum-free media for 24 hours, followed by stimulation with 100 ng/mL or 1000 ng/mL EGF (Sigma) for 5 minutes. Cells were fixed with 4% paraformaldehyde and observed under a phase-contrast microscope (TE 2000 U; Nikon).
Metabolic Labeling
Cells were labeled by incubating with 1 mCi/mL of P 32 -phosphate (Perkin Elmer) in phosphate-free DMEM containing 10% dialyzed FBS (Invitrogen) for 4 hours. Immunoprecipitated recombinant proteins were run on SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF) membrane. Phosphorylated proteins were visualized by autoradiography.
Actin Co-Sedimentation Assay
BAECs transiently transfected with cofilin or GMFG were collected in ice-cold PBS and resuspended in binding buffer (10 mmol/L imidazole, ph 7.2, 75 mmol/L KCl, 5 mmol/L MgCl 2 , 1 mmol/L EGTA, 0.5 mmol/L dithiothreitol [DTT], 0.2 mmol/L ATP, 1 mmol/L NaF, 0.5 mmol/L Na 3 VO 4 , and protease inhibitor cocktail). Nonmuscle actin was obtained from Cytoskeleton Inc and polymerized according to the instructions of the manufacturer. Cell lysates were prepared with three bursts of sonication followed by ultracentrifugation at 150 000g, and then the supernatants were incubated in the presence or absence of 5.5 mol/L F-actin at room temperature for 30 minutes. The reaction mixtures underwent ultracentrifuge at 150 000g for 30 minutes to precipitate F-actin. Supernatants were carefully collected and pellets were resuspended in exactly the same volume of binding buffer as the supernatants. Proteins of interest were detected by immunoblotting, and the amount of sedimentation was assessed by densitometry analysis.
Modified Boyden Chamber Assay and Two-Dimensional Tube-Formation Assay
Modified Boyden chamber assay and tube-formation assay were performed as previously described. 12
Arp2/3 Complex-Binding Assay
Arp 2/3 complex in cell lysates was immunoprecipitated with anti-ARPC2 antibody (Upstate). Coprecipitation of GMFG was detected by immunoblotting using anti-FLAG M2 antibody.
Mouse Ischemia/Reperfusion Model
The mice underwent pre-anesthesia with a single intraperitoneal injection of sodium pentobarbital (25 mg/kg). Following endotracheal intubation, a thoracotomy incision through the fourth intercostal space was made. The left anterior descending (LAD) coronary artery was occluded for 30 minutes then reperfused for 24 hours. At the end of the experiments, the chest was opened and the left ventricles were immediately excised followed by snap freezing for RNA extraction.
Statistics
Differences between groups were analyzed using student's t test; PϽ0.05 was considered significant. Data are presented as meanϮSE as indicated.
Results
Glia Maturation Factor-␥ Is Preferentially Expressed in Microvascular Endothelial and Inflammatory Cells
During a series of microarray studies aimed at isolating unique endothelial cell genes, we identified previously uncharacterized GMFG as being expressed only in microvascular endothelial cells derived from human lung but not by endothelial cells from other vascular beds or nonendothelial cells ( Figure 1A ). Amino acid sequence of GMFG is highly conserved among species, eg, 95% homology between human and mouse and 98% homology between human and bovine. GMFG was also expressed in dermal microvascular cells as much as in lung microvascular endothelial cells, and minimal expression was observed in hepatoma cells, vascular smooth muscle cells, and endothelial cells from bovine aorta, assessed by RT-PCR ( Figure 1B ). The primers used were of 100% match for both human and bovine GMFG. In adult mouse tissues, GMFG was expressed abundantly in thymus and spleen as well as in lung ( Figure 1C ). We found that GMFG was expressed in inflammatory cells such as lymphoblasts, T lymphocytes, and macrophages, a finding that is consistent with its high expression in thymus and spleen ( Figure 1D ). Mouse endothelial cell lines derived from normal yolk sac (Pro5), endothelioma (EOMA), and microvessels of an SV40T transgenic mouse (py4.1) also expressed GMFG ( Figure 1E ).
During mouse embryogenesis, GMFG was expressed as early as embryonic day 9.5 (e9.5) ( Figure 2A ), predominantly in blood islands of the yolk sac, in endothelial and hematopoietic cells, and possibly in the angioblast precursors to these lineages ( Figure 2B through 2G). Negative control study using sense RNA probe did not show such a significant hybridization signals ( Figure I in the online data supplement, available at http://circres.ahajournals.org). These results suggest that GMFG has a function in embryonic vasculogenesis as well as in hematopoiesis and that its expression might be well preserved during differentiation, which could account for the unique GMFG expression in microvascular endothelial cells and hematopoietic lineage-derived cells in adults.
GMFG Has a Similar Structure to Cofilin and Is Associated With F-Actin
The amino acid sequence of GMFG demonstrated significant similarity to cofilin, a key regulator of actin cytoskeleton reorganization ( Figure 3A ). Cofilin plays critical roles in actin dynamics through its actin-severing and actindepolymerizing activities. Therefore, we determined to analyze GMFG function in actin cytoskeleton reorganization. We first examined the subcellular localization of GMFG and cofilin in bovine aortic endothelial cells (BAECs). Recombinant cofilin and GMFG localized preferentially in the F-actin-rich structures in membrane ruffles as well as in nucleus ( Figure 3B ). Furthermore, native GMFG in human microvascular endothelial cells also demonstrated colocalization with F-actin in membrane ruffles ( Figure 3C ). These results suggest that GMFG may play a role in actin dynamics at the leading edge of cells. We then examined if GMFG is associated with F-actin using actin co-sedimentation assay. Cell lysates from GMFG or cofilin-expressing BAECs were incubated with F-actin followed by ultracentrifugation to precipitate F-actin. Significant co-sedimentation of GMFG in the pellet was detected by immunoblotting as well as of cofilin, indicating that GMFG is associated with F-actin ( Figure 3D ).
GMFG Is a Phosphoprotein, and Its Phosphorylation Is Enhanced by Coexpression of Dominant Active Rac and Cdc42
Because cofilin function is tightly regulated by phosphorylation of a single N-terminal serine residue, and GMFG also has N-terminal serines at the second (Ser2) and fourth (Ser4) position ( Figure 3A) , we explored their possible phosphorylation in GMFG. Expression constructs of wild-type GMFG (GMFG-WT) and GMFG mutants, in which Ser2 and/or Ser4 were replaced with alanine, were transfected into BAECs. Metabolic labeling of BAECs with P 32 -phosphate revealed that GMFG was phosphorylated in cells, and replacing Ser2 and/or Ser4 with alanine completely abolished phosphorylation ( Figure 4A ). These results indicate that Ser2 and/or Ser4 are the phosphorylation sites and that both Ser2 and Ser4 are essential for GMFG phosphorylation. Of note, when incubated in serum-free media, phosphorylation of GMFG significantly diminished, suggesting that phosphorylation might be enhanced by soluble factors such as growth factors ( Figure 4B ).
Because small GTPases play central roles in actin cytoskeleton reorganization, we investigated the effect of small GTPases on GMFG phosphorylation. Coexpression of dominant active Rac1 and Cdc42 significantly enhanced GMFG phosphorylation, whereas dominant active RhoA did not ( Figure 4C ). These results suggest that GMFG function might be modified by Rac and Cdc42.
GMFG Association With F-Actin Is Regulated by Phosphorylation of N-Terminal Serine
To explore the effect of phosphorylation on GMFG function, we prepared a series of GMFG mutant expression constructs in which Ser2 and/or Ser4 were replaced with alanine (SA) (nonphosphorylated mutant) or glutamic acid (SE) (pseudophosphorylated mutant). Cell lysates of BAECs expressing GMFG-WT or GMFG mutants were incubated with F-actin, and their co-sedimentation with F-actin was detected by immunoblotting. When incubated in the absence of F-actin, only minimal sedimentation was observed except in the cases of GMFG-S2/4A and GMFG-S2A where sedimentation of some insoluble fractions in the absence of F-actin were consistently observed in 3 independent experiments ( Figure  4) . We subtracted the background sedimentation (in the absence of F-actin) from the co-sedimentation with F-actin and regarded it as the sedimentation associated with F-actin. Interestingly, GMFG-S2/4E and especially GMFG-S2E dem- onstrated significantly higher association with F-actin than other GMFG mutants or GMFG-WT, suggesting that phosphorylation of Ser2 but not Ser4 enhances GMFG association with F-actin. To exclude the possibility that replacement of N-terminal serine with alanine caused inappropriate protein folding or localization, we examined the subcellular localization of recombinant GMFG-S2/4A, GMFG-S2A, and GMFG-S4A. They demonstrated similar subcellular localization to GMFG-WT, suggesting that replacement of N-terminal serine with alanine did not cause inappropriate protein folding or localization ( Figure 5B ).We also confirmed that recombinant GMFG mutant of which serine(s) was replaced with glutamic acid(s) demonstrated proper subcellular localization (data not shown). It is intriguing that although the affinity of GMFG and cofilin for F-actin is regulated by phosphorylation of the N-terminal serine, phosphorylation enhances GMFG binding, whereas it reduces cofilin binding to F-actin.
GMFG Is a Novel Factor in Actin Cytoskeleton Reorganization
Because cofilin directly affects actin filament turnover, we investigated the effects of GMFG on actin cytoskeleton reorganization. Somewhat surprisingly, HeLa cells transiently transfected with GMFG-WT or the pseudophosphorylated form of GMFG (GMFG-S2E) demonstrated no significant change in F-actin structure, whereas expression of wild-type cofilin (cofilin-WT) or the active form of cofilin (cofilin-S3A) significantly reduced F-actin structure ( Figure  6A ). These results suggest that GMFG does not have a significant actin-depolymerizing activity and may have a different function in actin dynamics from cofilin. GMFG has a similar structure to colilin and is associated with F-actin. A, GMFG demonstrates 39% similarity to cofilin and has a similar actin-depolymerizing factor homology domain to cofilin as surrounded by a solid line. Similar amino acids between GMFG and cofilin are highlighted. Cofilin function is tightly regulated by phosphorylation of the N-terminal serine indicated by the arrow. GMFG has serines at second and fourth position as indicated by arrowheads. B, Immunostaining of F-actin and FLAG-tagged recombinant GMFG or cofilin in bovine aortic endothelial cells (BAECs). Significant localization in the forward periphery F-actin-rich structures was observed in both GMFG and cofilin as indicated by arrowheads. C, Immunostaining of F-actin and native GMFG in HMVEC. Significant localization of GMFG in the forward periphery F-actin-rich structures was observed as indicated by arrowheads. Barsϭ10 m. D, Cell lysate from BAECs expressing cofilin or GMFG was incubated with F-actin followed by ultracentrifugation. Supernatants (S) and resuspended pellets (P) were run on SDS-PAGE, and the proteins of interest were detected by immunoblotting. F-actin was successfully precipitated in pellets visualized by Coomassie brilliant blue (CBB) staining. Similar results were obtained by 2 independent experiments.
We then generated HeLa cells stably expressing cofilin-WT, cofilin-S3A, GMFG-WT, GMFG-S2E, and GMFG-S4E. Because HeLa cells are the most widely used and the most-characterized cells for the research of actin cytoskeleton reorganization, we chose HeLa cells to analyze GMFG function in actin cytoskeleton reorganization. Stable expression of transgenes and recombinant proteins were confirmed by RT-PCR and immunoblotting respectively (data not shown). Large populations (Ϸ30%) of cells stably expressing cofilin-S3A (HeLa/cofilin-S3A) demonstrated enhanced membrane ruffles formation under the basal culture condition, whereas none of the other stable transfectants demonstrated such a phenotype (Figure 6B and 6C) .
On the other hand, when cells were stimulated with a low concentration (100 ng/mL) of EGF following the incubation in serum-free media for 24 hours, HeLa/GMFG-S2E demonstrated significant stimulus-responsive lamellipodia and subsequent ruffles formation (Figure 6D and 6E) . HeLa/GMFG-WT also demonstrated less but significant stimulus-responsive lamellipodia formation with 100 ng/mL EGF treatment ( Figure 6D and  6E) . None of the other transfectants, including HeLa/MOCK, demonstrated such an effect. Stimulation with 1000 ng/mL EGF induced stimulus-responsive lamellipodia and subsequent ruffle formation in all stable transfectants (data not shown). These results suggest a significant role of GMFG in stimulusresponsive actin polymerization. Despite its structural similarity, GMFG appears to play a different role from cofilin in actin cytoskeleton reorganization. It has been reported that twinfilin, another actin-depolymerizing factor domain family protein, does not have actin-depolymerizing activity and functions in actin dynamics in clearly distinct manner from cofilin. 8 Moreover, Figure 4 . GMFG is a phosphoprotein. A, BAECs expressing the wild-type GMFG (GMFG-WT), GMFG mutants, or empty vector (MOCK) were labeled with P 32 -phosphate. Immunoprecipitated GMFG was run on SDS-PAGE and the phosphorylated GMFG was visualized by autoradiography. Whole GMFG expression was detected by immunoblotting using anti-FLAG M2 antibody. Results were confirmed by 3 independent experiments. B, BAECs expressing GMFG were incubated either in growth media or serum-free media for overnight followed by labeling with P 32 -phosphate. C, GMFG was coexpressed with either dominant active (DA) or dominant negative (DN) form of Rho, Rac, and Cdc42 or empty vector (MOCK). Cells were labeled with P 32 -phosphate, and GMFG phosphorylation was visualized by autoradiography. GMFG and small GTPase expressions were detected by immunoblotting using anti-FLAG M2 and anti-myc 9E10 antibody, respectively. Similar results were obtained by 3 independent experiments. Figure 5 . GMFG is associated with F-actin. A, Actin co-sedimentation assay was performed as described in Figure  2D . Pseudophosphorylation of Ser2 significantly enhanced GMFG association with F-actin. Similar results were obtained by 3 independent experiments. B, Immunostaining of recombinant GMFG-WT or GMFG mutants and F-actin in BAECs. Barϭ50 m.
Abp1p, an actin binding protein originally isolated from yeast, also has an actin-depolymerizing factor homology domain, but it binds to Arp2/3 complex and activates the actin nucleation, not actin depolymerization. 13 To better understand the cellular mechanisms by which GMFG enhances stimulus-responsive lamellipodia formation, we investigated the possible interaction of GMFG with the Arp2/3 complex, a key regulator of stimulus-responsive actin polymerization. Cell lysates expressing GMFG were incubated with anti-Arp2/3 complex subunit 2 (ARPC2) antibody, and coprecipitation of GMFG with ARPC2 was detected by immunoblotting. To exclude the potential nonspecific interactions from coprecipitation of actin filaments, 40 mol/L latrunculin A was included in the immunoprecipitation reactions. Immunoblotting confirmed no detectable actin in the pellets (data not shown). GMFG was coprecipitated with ARPC2, suggesting GMFG interaction with Arp2/3 complex ( Figure 6F ). Of note, more GMFG-S2E was pulled down than GMFG-WT or GMFG-S4E, indicating that phosphorylation of Ser2 enhances GMFG interaction with the Arp2/3 complex ( Figure 6F) . These results suggest that in response to extracellular stimuli, GMFG might be phosphorylated at Ser2 through Rac and Cdc42, promoting its interaction with Arp2/3 complex as well as with F-actin, which then accelerates stimulus-responsive actin polymerization at the leading edge of cells. However, further analysis is certainly required to conclude its functional relevance with Rac and Cdc42. Given that even pseudophosphorylated form of GMFG required exogenous stimulus to modulate actin cytoskeleton reorganization, GMFG binding to Arp2/3 complex is not sufficient to initiate new actin polymerization.
GMFG Positively Regulates Actin-Based Cellular Functions
We then investigated GMFG functions in actin-based cellular functions in endothelial cells. As shown in Figure 1B , BAECs express only a minimal amount of GMFG, much less than in microvascular endothelial cells. Therefore, we used BAECs to examine the effect of GMFG overexpression on actinbased cellular functions. The majority of cells expressed the transgene 24 hours after transfection, as assessed by GFPconstruct transfection (supplemental Figure II) . BAECs overexpressing GMFG demonstrated significantly higher motility than mock-transfected BAECs ( Figure 7A ). Moreover, BAECs overexpressing GMFG demonstrated significantly enhanced tube formation on Matrigel as compared with the mock-transfected cells ( Figure 7B ). These results suggest that GMFG positively regulates actin-based cellular functions in endothelial cells, presumably through accelerating stimulusresponsive actin polymerization.
Finally, we examined GMFG expression in a cardiac ischemia/reperfusion model because both angiogenesis and inflammation play important roles in the pathophysiology of ischemic cardiovascular diseases. GMFG expression was significantly increased in the ischemia/reperfusion tissues ( Figure 7C and 7D). Although further analysis, such as immunohistochemistry to clarify the cells express GMFG, is certainly needed to address GMFG function in the ischemia/reperfusion heart, this result suggests possible GMFG involvement in the pathophysiology of cardiovascular diseases.
Our data define a novel pathway in the regulation of actin cytoskeleton reorganization and actin-based cellular functions ( Figure 7E) . Given that inflammatory cells and endothelial cells have a close relationship and interact with each other in ischemic cardiovascular diseases, GMFG may play a role in the pathophysiology of such diseases. 14, 15 Discussion GMFG is preferentially expressed in human microvascular endothelial cells but not in endothelial cells from other vascular beds. Given that microvascular endothelial cells are the most important cellular players in angiogenesis in adults and expression of GMFG enhanced migration and tube formation in BAECs, GMFG may play a role in angiogenesis in adults. During embryogenesis, GMFG is predominantly expressed in blood islands of the yolk sac, in which hematopoietic and endothelial lineages develop simultaneously in close proximity, suggesting GMFG functions in embryonic vasculogenesis as well as hematopoiesis. This may also well correlate with the unique GMFG expression in microvascular endothelial cells and inflammatory cells seen in adults. In support of this contention, a search of the database of microarray analysis at the National Center for Biotechnology Information revealed that GMFG is expressed in a variety of hematopoietic cells such as T cell, B cell, NK cell, monocyte, and dendritic cell, as well as hematopoietic progenitor cells including CD34 ϩ and CD105 ϩ bone marrow cells, which may give rise to endothelial progenitor cells. 16, 17 Our findings demonstrated that GMFG plays a significant role in actin cytoskeleton reorganization distinct from cofilin, despite structural similarity. Stable expression of the pseudophosphorylated form of GMFG remarkably enhanced stimulus-responsive lamellipodia and subsequent membrane ruffles formation, presumably through interaction with Arp2/3 complex. In response to extracellular stimuli, active Rac and Cdc42 might activate GMFG via phosphorylation of Ser2 as well as WASP/WAVE. Binding of phosphorylated GMFG to the Arp2/3 complex might accelerate stimulusresponsive actin polymerization cooperating with active WASP/WAVE, resulting in enhanced actin-based cellular functions. However, further analysis is required to verify this hypothesis.
Of note, the pseudophosphorylated form of GMFG did not affect actin cytoskeleton reorganization in HeLa cells under basal culture conditions, although it remarkably enhanced stimulus-responsive lamellipodia formation. These results suggest that binding of GMFG to Arp2/3 complex is not sufficient to initiate new actin polymerization, but once Arp2/3 complex is activated by other activator such as WASP/WAVE, GMFG may enhance Arp2/3 complexinduced actin polymerization. Therefore, GMFG may enhance actin-based cellular functions only in the presence, and under the control, of endogenous stimulators such as growth factors and cytokines. In this regard, GMFG may be a good target for gene therapy because unexpected adverse effect caused by dysregulated transgene function is a considerable concern for the clinical application of gene therapy.
Our results indicate that GMFG is a novel factor in actin cytoskeleton reorganization and that it modulates actin-based cellular function in microvascular endothelial cells, inflammatory cells, and possibly hematopoietic progenitor cells. Because these cells are essential players in angiogenesis, vasculogenesis, and immune system function, and each of them plays specific roles in ischemic cardiovascular diseases, we believe that further analysis of GMFG will provide new insights into the molecular mechanisms of these diseases and Figure 7 . GMFG enhances actin-based cellular functions in endothelial cells. A, Cell motility of BAECs transiently transfected with GMFG or empty vector was examined by modified Boyden chamber assay (nϭ3). BAECs expressing GMFG demonstrated more motility than mock-transfected cells (*PϽ0.0001 vs MOCK). B, BAECs transfected with GMFG or empty vector were plated on Matrigel and incubated for 60 hours. Their tube-formation capacity was quantified by the number of tubes counted in 5 independent fields. BAECs expressing GMFG demonstrated significantly enhanced tube-formation capacity than mock-transfected cells (*PϽ0.005 vs MOCK) (nϭ2). C, Northern blot analysis of GMFG in the left ventricles from sham-operated (sham) or ischemia/reperfusion (I-R) model mice. D, Quantitative analysis of GMFG expression corrected by GAPDH. GMFG expression in ischemia/reperfusion left ventricles was significantly higher than in sham control (*PϽ0.02 vs sham control). E, Schematic diagram of GMFG pathway in actin dynamics.
